ABSTRACT A photonics-based radar for high-resolution 3D microwave imaging is proposed and demonstrated, in which high range resolution is achieved by employing a wideband linearly frequency modulated signal, and high cross-range resolution in both azimuth and elevation is realized by rotating the target around two orthogonal axes to compose a 2D inverse synthetic aperture. The proposed radar performs photonics-based in-phase/quadrature up-conversion and de-chirp processing in the transmitter and receiver, respectively, which features a compact structure with low-sampling-rate electronics in the receiver. An experiment is carried out. The established radar works in the K -band, with bandwidth as large as 8 GHz. Captured echo signals at different rotation angles of the target are processed to a 3D image, in which the voxel values are scattering intensities at different spatial positions.
I. INTRODUCTION
Radar, as its original meaning of RAdio Direction/Detection And Ranging [1] , is a system that uses radio signals or microwaves to gather the information of objects in terms of position, velocity, etc. Thanks to the comparatively low propagation loss of microwaves in the atmosphere, radars play an important role in both military and civil applications, especially when the operation in bad weathers is required. In the past few decades, to meet the growing requirements in target recognition, remote sensing and geological survey, plenty of mechanisms have been proposed and studied to improve the resolution of a radar, in which the necessity of wideband waveforms for achieving high range resolution [2] , and the requisite large apertures for achieving high cross-range resolution [3] are thoroughly investigated. Recently, with the advantages of low loss, lightweight and flat response over a large bandwidth, microwave photonic techniques have achieved superior performance over pure electronics in the generation [4] , [5] , frequency-conversion [6] , [7] , time delay
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controlling [8] , [9] , and distribution [10] , [11] of wideband microwave signals, which provides promising solutions to implement wideband radar transceivers for high-rangeresolution detection [12] . When photonic radar transceivers are utilized along with the methods for enlarging the equivalent baseline or aperture, high-resolution imaging of the targets can be realized [13] , [14] . Several inspiring prototypes of such photonics-based radars have been reported for 2D imaging, including the ones with arrayed/distributed antennas [15] , [16] , multiple-input multiple output (MIMO) principle [17] and relative motion-based synthetic or inverse synthetic aperture [18] - [20] .
The successful demonstration of photonics-based highresolution 2D microwave imaging implies the feasibility of its generalization to 3D imaging, which is gradually a key function of radars to enhance the performance of target location and recognition for security checks, unmanned aerial vehicle detection and pilotless automobiles, etc. One of the approaches to upgrading 2D imaging to 3D imaging is to use two receive antennas to establish an interferometric baseline vertical to the 2D imaging plane [21] . In this case, the phase differences between the two 2D images from the two antennas are exploited to determine the height of each point. This method is referred to as interferometric inverse synthetic aperture radar (InISAR), when the two 2D images are obtained through inverse synthetic aperture technique. Previously, a photonics-based InISAR has been successfully demonstrated [22] , in which 3D image reconstruction of two pairs of cross-placement rotary balls was achieved by fusing 2D images having a resolution as high as 4 cm × 9 cm. To further enhance the performance on the height dimension, the two-element-based interferometric baseline should be extended, in which both the equivalent total length and the number of antennas or sampled points should be effectively increased to improve the resolution and enlarge the ambiguity-free detection region, respectively. In fact, the new vertical baseline or aperture and the existing horizontal aperture for high-cross-range-resolution 2D imaging compose a 2D synthesized aperture which is vertical to the radar-target line of sight (LOS). Basically, such a 2D aperture can be implemented by a planar array of antennas with independent receive channels [23] . The problem associated with this method lies in the high cost since a large 2D aperture for high-resolution imaging could lead to a sharp increase in the number of antennas and receive modules. Many techniques have been proposed to reduce the amount of the receive channels, including the MIMO architecture [24] , [25] , the scanning by one single antenna or a linear array [26] - [28] , and the signal focusing by a parabolic reflector [29] . Demonstrations of 3D imaging radars based on these techniques have shown good results.
In this paper, we propose and demonstrate photonicsbased high-resolution 3D inverse synthetic aperture radar (ISAR) imaging, which is implemented by rotating the target to compose a synthesized 2D aperture using only one receive channel. In realizing the 3D imaging, a novel photonic radar transceiver is proposed, in which in-phase/quadrature (I/Q) up-conversion of a baseband linearly frequency modulated (LFM) signal is realized by a dual-polarization dual-parallel Mach-Zehnder modulator (DPol-DPMZM) in the transmitter, and broadband photonics-based de-chirping is implemented in the receiver. A photonics-based radar with a bandwidth of 8 GHz (18-26 GHz) is established and investigated, which verifies the principle of the proposed high-resolution inverse synthetic aperture 3D imaging. Fig. 1 shows the principle of the 3D inverse synthetic aperture radar imaging. Assume that the radar LOS is along the y-axis, so y is the range direction, x (azimuth direction) and z (elevation direction) are the two orthogonal cross-range directions. The inverse synthesis of an aperture on the azimuth direction for 2D imaging is achieved by rotating the target around the z-axis, as shown in the left-hand side of Fig. 1 . By recording the echoes at different azimuth angles and combining them coherently with ISAR imaging algorithms, a 2D image can be obtained, of which the range resolution and the azimuth cross-range resolution can be written as [3] 
II. PRINCIPLE
where c is the propagation speed of the electromagnetic wave, B and f c are the bandwidth and the center frequency of the transmitted radar signal, respectively, and φ is the rotation angle range around the z-axis. The cross-range resolution δx can also be regarded as the Rayleigh resolution of the synthesized aperture on the azimuth direction. Analogous to the x-direction, an inverse synthetic aperture in the elevation direction can also be implemented. To this end, we rotate the target around the x-axis and repeat the 2D imaging at each elevation angle, as shown in the right-hand side of Fig. 1 . Then, a 3D ISAR image can be constructed by applying Fourier transform across these complex-valued 2D images [3] . The elevation cross-range resolution of the obtained 3D image is determined by
where θ is the rotation angle range around the x-axis. In this process, a virtual 2D aperture is scanned and synthesized.
Compared to the radar-side 2D aperture implementation in the literature, this 3D imaging method can achieve a higher cross-range resolution with a lower cost, because it is much easier to form a larger viewing angle, which is essential to achieve a higher cross-range resolution, by rotating the target, compared with the method by moving the radar. According to (1), the range resolution along the y direction is determined by the bandwidth of the radar signal. To achieve a high range resolution, we propose a photonics-based radar transceiver to generate and process broadband LFM signals. Fig. 2 shows the schematic diagram of the proposed radar system. In the transmitter, I/Q frequency up-conversion of a complex-valued baseband LFM signal, which has a time duration of T and a frequency range from -B/2 to B/2, is implemented in the optical domain. To do this, a continuous-wave (CW) optical carrier with a frequency of f 0 from a laser diode is directed to a DPol-DPMZM, which consists of two dual-parallel Mach-Zehnder modulator (DPMZMs) in the X and Y polarizations, respectively. Both of the two DPMZMs are biased at the I/Q modulation mode, i.e., the sub-Mach-Zehnder modulators (MZMs) are biased at the minimum transmission point, and the main MZM is biased at the quadrature point. The optical carrier sent to the DPol-DPMZM is first split equally into two branches, and the signal in each branch is modulated by a DPMZM. The DPMZM in the X polarization is driven by the baseband LFM signal, of which the real and imaginary parts are generated by a two-channel arbitrary waveform generator (AWG). The DPMZM in the Y polarization is driven by two RF signals having the same frequency at f c but a phase difference of 90 • , which is operated at the single sidebandsuppressed carrier (SSB-SC) modulation mode. At the output of the DPol-DPMZM, the obtained polarization-multiplexed optical signal contains the following two components in the X and Y polarizations,
where t is defined within [-T /2, T /2], k = B/T is the chirp rate of the baseband LFM signal, J n (·) is the nth-order Bessel function of the first kind, γ X and γ Y are the modulation depths in the corresponding polarization. Under small-signal modulation, the higher order (≥ 2) modulation sidebands can be neglected in obtaining (3). The instantaneous optical spectrum is illustrated in the inset A of Fig. 2 , in which the frequency component 1 is a frequency-sweeping tone around f 0 and component 2 is a single tone at (f 0 +f c ). After the DPol-DPMZM, a polarization controller (PC) and a polarization beam splitter (PBS) are followed. By adjusting the PC, the polarization state of the modulated lightwave in X or Y polarization is oriented to have an angle of 45 • to one of the principal axes of the PBS. The two output signals of the PBS can be expressed as
Then, one of the PBS outputs e T (t) is sent to a photodetector (PD: PD1), of which the photocurrent obtained by frequency beating can be written as
In (5), an LFM microwave signal centered at f c is obtained, indicating I/Q up-conversion of the baseband LFM signal is achieved. This signal is filtered and amplified before radiated to the detection area.
In the receiver, the radar echoes collected by the receive antenna are amplified by a low-noise amplifier (LNA) and applied to drive an MZM to modulate the optical reference signal from the other output of the PBS, i.e., e L (t) in (4). Here, the MZM is biased at the quadrature point. When the radar echo has a time delay of τ compared with the transmitted LFM signal, the output optical signal from the MZM is given by
where γ R is the modulation depth of the MZM, P 3 , P 4 , P 5, and P 6 are expressed as
In this process, small-signal modulation is assumed. In (6) and (7), P 3 and P 4 are the sidebands generated by modulating the optical reference signal with the radar echo, as illustrated by frequency components 3 and 4 in inset B of Fig. 2 . After optical-to-electrical conversion in a low-speed PD (PD2), a de-chirped signal is produced as (8) in which the time delay of the radar echo is mapped to the frequency of the obtained signal. According to (8) , the distance of the target can be calculated by performing Fourier analysis upon s R (t). Besides, through the phase variation of the microwave carrier preserved by 2π f c τ in (8), coherent ISAR imaging can be implemented.
In the proposed radar, the photonics-based I/Q upconversion of the baseband LFM signal is beneficial to the implementation of both the range and the cross-range resolution. By applying I/Q up-conversion, the sampling rate of the AWG does not need to cover the intermediate frequency carrier which is unavoidable in frequency multiplication-based photonic radar transmitters [30] , [31] . Thus, the full bandwidth of the AWG can be used to produce a broadband waveform for higher range resolution. Meanwhile, since the microwave carrier is generated separately from the baseband waveform and is not limited by the bandwidth of the AWG, higher frequency band can be achieved for better cross-range resolution. In addition, the application of photonics-based de-chirp processing can remarkably compress the bandwidths of signals to be digitized, which could effectively release the burden for both analog-to-digital conversion and digital signal processing.
III. EXPERIMENT AND RESULTS
An experiment is carried out to verify the feasibility of the proposed photonics-based 3D ISAR imaging. The radar transceiver is built based on the setup in Fig. 2 . In the transmitter, the CW optical carrier from an LD (TeraXion PS-NLL-1550.12) is directed to a DPol-DPMZM (Fujitsu FTM7977) of which the bias voltages are controlled by a modulator bias controller (PlugTech MBC-DPIQ-01). An AWG (Keysight 8195) is used to generate the real part and the imagery part of a positively-chirped baseband LFM signal with a frequency range of -4∼4 GHz, a duty cycle of 66.7%, and a time duration of 10 µs. The microwave carrier at 22 GHz generated by a microwave signal source (Keysight 8257) is split into two branches in a quadrature hybrid for SSB-SC modulation. To boost the optical signal, an erbium-doped fiber amplifier (EDFA) is applied, and an optical band-pass filter (OBPF) is followed to remove the amplified spontaneous emission (ASE) noise. By adjusting a PC, the modulated signals in two polarizations of the DPol-DPMZM are superposed and equally divided by a PBS. One of the PBS output is sent to a PD (Finisar XPDV2120) which yields an 18∼26-GHz LFM signal and completes the I/Q up-conversion. After going through an electrical amplifier and a K-band electrical filter, the up-converted signal is sent to a transmit antenna. To investigate the performance of the photonics-based I/Q up-conversion, we use a real-time oscilloscope (Keysight 93304) to capture the transmit signal and conduct the signal analysis in the digital domain. The spectrogram obtained from the short-time Fourier transform, and the profiles in the time and the frequency domain are shown in Fig. 3 . As can be seen, a negatively-chirped signal covering a broad bandwidth of 8 GHz and centered at 22 GHz is successfully generated in a 10-µs time window. In Fig. 3 , some spurs exist, of which the major ones are the complementarily-chirped signal within the time window and the 22-GHz single-tone signal out of the time window. These spurs mainly come from the residual modulation sidebands due to the unideal bias of the DPol-DPMZM. Since the spurs are at least 20 dB lower than the desired signal and their chirp rates are different from the required signal, the negative influences of the spurs can be omitted in the system. The other output signal from the PBS is used as the optical carrier in the receiver. It is sent to an MZM (Fujitsu FTM7938) driven by the radar echoes that are collected by a receive antenna and amplified by an LNA. Downstream of the MZM, a PD (Conquer Co.) converts the optical signal into the electrical domain and gives the de-chirped results which then pass through a low-pass filter to reject unwanted components at higher frequencies. The filtered signals are digitized and recorded by the real-time oscilloscope before processed in the digital domain. The range resolution that can be achieved by the proposed radar transceiver is evaluated by the spectral peak width of the de-chirped signal. For simplicity, we direct the signal for radiation immediately to the driving port of the MZM in the receiver to imitate the detection of a single point target. The spectrum of the de-chirped signal is plotted in Fig. 4 . From the zoom-in view of the spectral peak at 11.9 MHz, it is found that the 3-dB peak width is 90 kHz. The corresponding range resolution is calculated to be 1.904 cm which is quite close to the theoretical resolution (1.875 cm) determined by the signal bandwidth [3] . Based on the proposed photonic radar transceiver, a 3D imaging system is established as shown in Fig. 5(a) , in which two K-band horn antennas are oriented to a 3D rotator in 4-meter distance. As shown in Fig. 5(b) , the 3D rotator placed in an anechoic chamber has a vertical axis and a rotatable plate to perform the rotation of targets in azimuth direction and elevation direction, respectively. The targets under radiation are mounted onto the rotatable plate through three plastic sticks. Figure 5(b) illustrates the coordinate system used for the 3D imaging. Here, the radar LOS is along the y-axis. The azimuth rotation is around the z-axis, and the elevation rotation is around the x-axis. The rotation center of the 3D rotator is at the origin of the coordinate system. In the experiment, the azimuth rotation is repeated on different elevation angles. The effective scanned angular regions on azimuth direction and elevation directions are 34 • and 30 • , respectively. The total scanning time is about ten minutes in our experiment, which is determined by the rotating speed of the rotator. During the scanning along elevation direction, 2D images obtained from azimuth rotations on different elevation angles are plotted in Fig. 6(a) , in which the contribution of background is subtracted from the original results. In Fig. 6(a) , the difference between any two 2D images is obvious. This is due to the fact that the interference between echoes varies with different elevation angles. In addition, part of the targets may blur or even disappear in the 2D images, implying the limitation of 2D imaging in target recognition. By coherently combining the multiple 2D images, a 3D image is achieved, as shown in Fig. 6(b) . In Fig. 6(a) , the 3D image of the targets is presented in both 2D and 3D views, in which the 2D views are formed by maximum value projection [27] to coordinate planes, and the 3D view is the scatterplot of the points whose intensity values are larger than 5% of the peak one in the region. We can see that the imaging result coincides with the locations of the three balls, which confirms the feasibility of the proposed 3D imaging radar.
Finally, a set of U-shape-arranged corner reflectors that are stuck on a cardboard are used as the targets. The 2D and 3D views of the 3D imaging results are shown in Fig. 7 . Comparing the imaging results with the actual scene shown in the inset of each picture, it is found that the geometry characteristics reconstructed by the 3D imaging match well with the features of the targets. However, since the transmitted radar signal could be blocked by the targets nearer to the radar, parts of the corner reflectors are missing in the 3D image. To overcome the problem of overshadowing, a broadened angular region for scanning can be applied along with the ISAR algorithms considering rotational motion compensation [32] .
IV. CONCLUSION
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